Introduction
The concept of isostasy proposes that the Earth is in hydrostatic equilibrium at depth, requiring topography to be compensated by lateral variations in crustal thickness [Airy, 1855] or crustal density [Pratt, 1855] . Flexural isostasy is an extension of the concept in which topography is supported partly by deflection of density discontinuities in Airy isostatic fashion and partly by stresses in a strong elastic layer overlying a weak ductile zone [Barrell, 1914; Gunn, 1943 where w is vertical deflection of the plate, AO is the density difference for material above and below the plate, g is gravitational acceleration, P is horizontal force (per unit length), and q is vertical stress applied to the plate. Thus flexural isostasy is parameterized by the resistance to bending or flexural rigidity D of the elastic layer.
An improved understanding of the Earth's isostatic behavior is desirable for a variety of applications. Investigators call upon isostasy to explain fault geometry in extensional terCopyright 1994 by the American Geophysical Union. the relatively stable Colorado Plateau and Rocky Mountains physiographic provinces in the western United States. Estimates of flexural rigidity are compared to relevant geologic and geophysical information from the area and are found to be strongly correlated with patterns of heat flow and tectonism.
Coherence Method for Estimation of Flexural Rigidity
Flexural rigidity is estimated by assuming a model that describes loading of the elastic layer and then comparing topography (or bathymetry) to gravitational potential (in the form of a free air, Bouguer, or geoid anomaly) to solve for the loads and the load response. One common methodology compares the observed flexural response to an "obvious" loading process with a modeled response for various assumptions of flexural rigidity. Examples of obvious loading processes include seamounts [e.g., Walcott, 1970a] and plate bending at subduction zones [e.g., Caldwell et al., 1976] in the case of the oceanic elastic layer. Flexural rigidity of the continental elastic layer is determined from loading by sedimentary basins [e.g., Haxby et al., 1976] , Pleistocene lakes [e.g., Walcott, 1970b] , and mountain ranges formed by continental collisions [e.g., Karner and Watts, 1983; Lyon-Caen and Molnar, 1983] . Unfortunately, the paucity of sites in which such specific loading processes are found precludes the use of these techniques for systematic mapping across large areas.
The admittance and coherence techniques Forsyth, 1985] 
[Dorman and , where Q is the linear isostatic response function (or admittance) and k is the two-dimensional wavenumber: The coherence function is the square of the correlation coefficient between two signals, a positive number ranging between zero and one. Coherence can be thought of as a measure of the fraction of the gravity field that can be predicted from the topography using (2). Coherence has a strong dependence on flexural rigidity (Figure 1 ) and so is appropriate for use in its estimation.
The coherence function is estimated from the autopower spectra of topography Phh(k) and gravity Pbb(k) and the cross-power spectrum of the two signals, Phl•(k), by
In practice, power spectra are averaged to reduce bias introduced by uncorrelated noise processes. Averaging of the twodimensional spectra, denoted by angle brackets, is performed within annular wavenumber bins based on the assumption that flexural response is isotropic. In that case coherence is onedimensional and expressed as where k is the modulus of the two-dimensional wavenumber,
a = =
Coherence analysis of isostatic response [Forsyth, 1985] first uses the observed admittance and an assumed flexural rigidity to solve for load structure in the Earth. To test the periodogram coherence estimator, we generated a pair of data sets with known coherence. We first Fourier transformed a large area (1600 by 1200 km) of topographic data from the western United States to the frequency domain. We then generated synthetic "gravity" amplitudes B 
where superscripts t and b denote top and interior (or "basal") loading, respectively. The predictive coherence function (6) is estimated for several different assumed flexural rigidities and then compared to the observed coherence (4) to determine the flexural rigidity that best models the load response of the elastic layer.
Periodogram Spectral Estimation
Previous investigations of flexural rigidity using the coherence method have employed a classical Fourier transform technique, the periodogram method, to estimate power spectra. Unfortunately, the periodogram is plagued by spectral bias and leakage resulting from the implicit windowing of finite data The synthetic gravity amplitudes were then inverse Fourier transformed to the spatial domain, and a smaller data window was extracted from the center of each data set for estimation of the coherence using (5). In spite of the use of mirrored data, the periodogram method used by previous researchers provides a poor estimate of coherence when the data window is small (Figure 3a) . Figure 3a , like all subsequent figures displaying coherence functions, superimposes coherence estimates calculated for several realizations of the spectral averaging operation, corresponding to different numbers n of annular wavenumber bins, n = 20 to 30, to indicate variance. The periodogram coherence estimate exhibits a great deal of scatter. Also, the true coherence function changes from zero to one at wavelengths close to the dimension of the data window, and that transition is virtually unresolved. Increasing the size of the data set improves the periodogram estimate of coherence (Figure 3b ), but the method still yields a poor approximation to the true coherence function at transitional wavelengths. A still larger data set would further improve the coherence function, but given the nonstationarity of flexural properties, it is preferable to minimize the size of the data sequence. power spectrum exhibiting minimum bias, corresponding to the Fourier transform of the extrapolated correlation function having maximum entropy [Burg, 1975] . The Burg [1975] formulation of MESE, commonly used for one-dimensional signals, is equivalent to autoregressive spectral estimation [e.g., Kay and Marple, 1981] , and the two follow a similar procedure. In each case, "extrapolation" of the correlation function to larger lags is implicit rather than explicit. However, the two-dimensional extension of Burg's one-dimensional maximum entropy formulation requires solution of a large system of nonlinear equations. Fortunately, the implied computational nightmare can be avoided by reformulating the problem in terms of an iterative algorithm constrained such that the power spectrum will converge to the maximum entropy solution [Lim and Malik, 1981 (10), which we have adapted to the determination of autopower and crosspower spectra of gravity and topography for coherence analysis. However, it is important to note that whereas the autospectra are maximum entropy spectra, in the case of a crosspower spectrum the application of the constraint (10) does not correspond to maximization of entropy (a proof may be found in Appendix A of Lowry [1994] ), and the information quantity that is being minimaxed has not yet been identified. Hence this study does not actually employ a maximum entropy coherence estimator; although based on the maximum entropy method, this is an ad hoc coherence estimation technique.
Maximum Entropy Spectral Estimation
The coherence function was reduced to one dimension via averaging within annular wavenumber bins using -'2 PhhPbbl (11) in place of the averaging scheme given by (6), simply because (11) was found to perform better in tests of the method. The resulting coherence functions exhibit a positive bias at wavelengths for which the true coherence approaches zero ( Figure  3 ), perhaps because maximum entropy spectra tend to represent noise processes poorly. Nevertheless, the maximum entropy-based estimates of coherence used in this study improve greatly upon those determined using the periodogram method for the same synthetic data, particularly at the important wavelengths of transition.
Other Adjustments
In addition to the alternative choice of spectral estimator, the following minor modifications of previous practice are made for this study: (1) the data are not mirrored prior to stochastic analysis; (2) surface and subsurface load responses are deconvolved within a much larger data segment than that for which power spectral estimation is performed; and (3) relatively complex one-dimensional density profiles of the elastic layer, as inferred from Nafe-Drake regression of P wave velocities from seismic refraction profiles, are included in the isostatic model.
Mirroring of Data
Mirroring of data prior to calculation of Fourier amplitudes (which are utilized in calculation of periodogram spectra as well as deconvolution of surface and subsurface load distributions) deserves some discussion. This practice was first used by Lewis and Dorman [1970] and is still commonly employed by researchers using periodogram spectra [e.g., Blackman and Forsyth, 1991 ] to reduce the spectral bias and leakage that result from finite data. Figure 4a depicts the periodogram coherence estimated from mirrored and unmirrored synthetic data, indicating that while the coherence functions are differently biased at long wavelengths, the estimates are comparably accurate.
A more intriguing dissimilarity is apparent when mirroring is applied to real gravity and topography data (Figure 4b ). Here the greatest difference between the mirrored and unmirrored coherence functions is at short wavelengths, where the unmirrored coherence actually increases with decreasing wavelength instead of leveling off near zero. This feature is an artefact of the homogeneous reduction density used to calculate the Bouguer anomaly. While an average density is adequate for Bouguer reduction at long wavelengths, locally contiguous bodies which deviate significantly from the reduction density and are exposed in surface topography will generate Bouguer "anomalies" which will correlate with topography because the reduction density was unrepresentative at that location [e.g., Black, 1992] . The coherence increases with decreasing wavelength because the likelihood that such bodies will be continuously represented at the surface decreases with increasing scale. When the data are mirrored, however, a skein of incoherent noise is introduced into the spectra which is apparently of large enough amplitude to dominate the coherency of signals at short wavelengths.
Despite the difference in coherence functions, mirrored data yield a virtually identical value for the best fit flexural rigidity as unmirrored data. For example, the coherence functions in 
Windowing for Deconvolution
Deconvolution of surface and subsurface load responses is performed in a relatively large window for this study. Spectral bias and leakage have been greatly reduced in the observed coherence function by using a maximum entropy-based method, so it would be counterproductive to introduce these effects into the predictive coherence function by performing the deconvolution within a small data window.
Instead the deconvolution uses the amplitudes from a much larger data segment (at least 12 times the area for which power spectra are estimated). The amplitudes are then inverse transformed to the spatial domain, and the corresponding subset of the deconvolved data is selected for use in estimating the predictive coherence function.
Density Model From P Wave Velocities
The assumed density variation with depth in the elastic layer was also modified. Previous investigations have incor- porated geologically reasonable density values for one or at most two layers over a half-space, with depths inferred either from the gravity power spectrum or from seismic data. However, the deconvolution of gravity and topography can be accomplished using any arbitrary one-dimensional density model via the relations described in the appendix. Density distributions for this study are approximated using a NafeDrake regression of P wave velocities [Ludwig et will give the most accurate profile from among the geophysical options available). Velocities from seismic refraction profiles are preferred over those from reflection data because refraction averages out lateral variations in velocity structure, yielding a more representative one-dimensional distribution. The density modification is ultimately a minor improvement, however: tests indicate that complicating the density structure as well as changing the subsurface load depth change the resulting estimate of flexural rigidity by no more than about a factor of 2 (corresponding to a factor of 1.3 change in elastic thickness).
Limitations of the Method
As with all Earth models, the coherence method is subject to the validity of its implicit assumptions. Included among these are the fundamental approximation of the behavior of the elastic layer as that of a perfectly elastic plate, incorporation of a thin plate approximation to flexural behavior, assumption of a crustal density variation with depth, and restriction of loading processes to either the surface or a single subsurface density interface. However, it is expected (based on empirical tests and other arguments, e.g., Forsyth [1985] , Bechtel et al.
[1987], and Bechtel [1989] ) that these assumptions introduce acceptably small errors into the estimate of rigidity.
On the other hand, the supposition that surface and subsurface loading processes are uncorrelated is critically important. The coherence estimator employed here is based on a maximum entropy spectral estimator, which also has some minor limitations. The appropriate probability density distributions for gravity and topography processes are not explicitly solved for; rather the entropy description (9) implicitly assumes a Gaussian (corresponding to the most entropic [e.g., Jaynes, 1985]) probability density distribution. The latter methodology is commonly referred to as a Gibbsian approach. Some minor problems have been recognized in other Gibbsian maximum entropy methods such as the Burg algorithm, including the exhibition of spurious peaks, spectral line splitting, and phase dependence of sinusoidal peak location [e.g., Kay minimum curvature algorithm. We note that the close spacing requires significant overlap of data windows for neighboring estimates of flexural rigidity, implying some smoothing of the rigidity distribution. In order to rigorously determine the resolution, the method should be applied to synthetic data with a known variation of rigidity, and we have not yet attempted such testing. However, we hope to demonstrate from comparison to geologic information that coherence analysis does indeed resolve changes in flexural strength at the spatial scales used in this study. Flexural rigidity of the study area is presented in Plate 2a. Conversion to the equivalent effective elastic thickness T e is also given, assuming a Young's modulus of 10 TM Pa and Poisson's ratio 0.25. The P wave velocities that were used to constrain the density distribution are described in Table 1 . We chose the shallowest first-order density/velocity discontinuity to serve as the subsurface load depth, because the downward continuation operation implicit in the load deconvolution is most stable for shallow depths. Examples of observed and best fit predicted coherence functions, as well as plots of residual error (the L 2 norm of observed minus predicted coherence), are given in Figure 6 Alternatively, one may note that all of the Lake Bonneville rebound studies model viscoelastic isostatic response of the lithosphere, and all infer that the elastic layer achieved isostatic equilibrium both during loading (a < 15 kyr time span) and after the load was removed (-11 ka). Although some studies used models capable of describing a rheologically stratified Earth such as that postulated by Smith and Bruhn [ 1984] , none of the investigations explored the possibility of a viscoelastic lower crust. The probable reason for omission of the lower crust from the calculations is that containment of viscoelastic fluid in a thin channel dramatically increases the isostatic response time [Nakiboglu and Lambeck, 1983] . Thus while the lithosphere indeed achieved isostatic equilibrium with respect to viscosities of the upper mantle ductile zone, it probably was not loaded sufficiently long to achieve isostatic equilibrium with respect to a lower crustal ductile zone sandwiched between crustal and upper mantle elastic layers. Willett et al. [1984, 1985] The persistence of the tectonic boundary at the eastern limit of the Basin and Range, over hundreds of millions of years and through multiple tectonic events, argues strongly that inherited characteristics of the lithosphere influence the modern distribution of tectonism. Lower thermal conductivity is expected to cause thermal refraction of deep mantle heat around the Archean lithosphere of the Wyoming province, and hence reduced heat flow. Devolatilization of mantle rock probably contributes to lowered ductility of the upper mantle as well [Pollack, 1986] , and in addition to increasing the flexural rigidity, the resulting inhibition of advective heat transfer may further reduce heat flow. Hence the relationship of continental lithosphere genesis to flexural rigidity and heat flow properties may be in large part a function of minor variations in bulk composition.
The transition from low to high flexural rigidity also exhibits an apparent correlation with the easternmost occurrence of Cenozoic normal faults with large displacements (Plate 3a). The coincidence of major normal faults and low rigidity may be explained in either of two possible ways: (1) major faults are directly responsible for weakening of the elastic layer, or (2) lithospheric characteristics that determine the variation of flexural rigidity independently control the geometry and distribution of faulting as well. As an example of the first case, if fractures extend all the way through the elastic layer and can serve as discontinuities in stress behavior, they could reduce flexural rigidity by promoting "broken plate" behavior, for which the isostatic response would resemble that of a much weaker continuous media [e.g., Walcott, 1970a 
Conclusions
In this paper, a methodology is developed for stochastic inversion of flexural rigidity using a maximum entropy-based approach to coherence analysis. This methodology is employed to map large variations in the Earth's isostatic response with greater resolution than was previously possible. The latter discrepancy may indichte a viscoelastic lower crustal zone of flexural decoupling which did not respond isostatically to the short-lived Lake Bonneville load but has responded to more enduring loads.
The mapped variation of flexural rigidity is supported by correlations with independent geologic and geophysical information. Low flexural rigidity is strongly correlated with high surface heat flow, as predicted by the relationship between strength of the elastic layer and the temperature-dependent ductile flow law. The elastic layer is very rigid in the Archean Wyoming craton, where heat flow is poorly con-
